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Using the general current-conserving theory developed by Buttiker for ac transport, the dynamical conduc-
tance of InAs/GaSb/InAs and InAs/AlSb/GaSb/AlSb/InAs structures are calculated within the two-band kp
model. In these interband systems, there is an energy window DE within which the transmission coefficient is
nonzero. When the frequency of the external bias is comparable to this energy window, the real part of the
dynamical conductance shows a series of plateaus that are well correlated with the profile of the transmission
coefficient. The number and positions of the plateaus can be varied by changing the frequency. At frequencies
much smaller than DE , the phase of the dynamical conductance is well described by the emittance. As the
frequency is increased, the capacitivelike and inductivelike behaviors observed at off-resonance and on-
resonance, respectively, are enhanced.
DOI: 10.1103/PhysRevB.69.125308 PACS number~s!: 73.40.2c, 72.80.Ey, 73.63.2bI. INTRODUCTION
The polytype heterostructures which consist of AlSb,
GaSb, and InAs were proposed by Esaki et al.1 in 1981. The
special alignment of the conduction and valence bands ~i.e.,
the 1.5-eV overlapping of the InAs conduction band and the
GaSb valence band! as well as the coupling between them
make the interband tunneling possible. Sweeny and Xu2 pro-
posed resonant interband tunneling ~RIT! diodes which in-
corporated resonant and interband tunneling in quantum
wells, and resulted in high speed and low excess current.
When a large forward bias is applied, a negative differential
resistance ~NDR! can be observed. Later on, So¨derstro¨m
et al.3 proposed and demonstrated NDR and a high peak-to-
valley ~P/V! current ratio in the InAs/AlSb/GaSb/AlSb/InAs
structure. Such a structure is considered as a RIT diode
which is a combination of an Esaki diode and a double-
barrier resonant diode. On the theoretical side, Yang and Xu4
analyzed the dependence of the energy levels and lifetime of
resonant states on the well width and barrier thickness of the
leaky quantum well systems, which are GaSb/InAs/GaSb,
InAs/GaSb/InAs, GaSb/AlSb/InAs/AlSb/GaSb, and InAs/
AlSb/GaSb/AlSb/InAs. Using two-band kp theory, the
transmission properties of RIT in the polytype heterostruc-
tures based on InAs, AlSb, and GaSb are also analyzed.5,6
Nevertheless, a more realistic description of the RIT would
be the eight-band kp theory.7 This is because eight-band k
p theory also considers the heavy-hole and split-off bands,8
while the two-band kp theory just considers the light-hole
and conduction bands. Indeed, heavy-hole and split-off
bands do contribute in the transmission process.9 However, if
the wave vector is taken to be normal to the interfaces (k uu
50), the heavy-hole and split-off bands are negligible,8,10
due to the symmetry of the Bloch functions.11 Davidovich
et al.12 calculated the density of states and the current-
voltage (I-V) characteristics of InAs/AlSb/GaSb/AlSb/InAs
and GaSb/AlSb/InAs/AlSb/InAs the using nonequilibrium
Green’s function method. Kiledjian et al.11 calculated the I-V
characteristics of various InAs/AlSb/GaSb systems, and0163-1829/2004/69~12!/125308~7!/$22.50 69 1253show the dependence of coupling of heavy-hole state on k uu .
Genoe et al.13 also calculated the relation of k uu and the trans-
mission probability of InAs/AlSb/GaSb/AlSb/InAs under
eight-band theory. Yu et al.14 analyzed the I-V characteristics
of InAs/GaSb/InAs with different GaSb layer thicknesses.
Kitabayashi et al.15 investigated the I-V characteristics of
InAs/AlSb/GaSb/AlSb/InAs with extremely thin AlSb barri-
ers, and found that when 0.5-ML-thick AlSb barrier layers
were inserted, NDR appeared. Gonza´lez et al.16 measured
the temperature dependence of zero-bias differential tunnel-
ing conductance of InAs/AlSb/GaSb/AlSb/InAs under a
magnetic field.
So far, all the theoretical studies focused on dc transport.
Since all devices are operated under an ac bias, it is impor-
tant to study ac transport through interband structures. It has
been emphasized by Buttiker17 that in dealing with ac trans-
port, the current will not be conserved. This is because the
expression of the current obtained either from the usual
Landauer-Buttiker formula or the equation of motion using
the nonequilibrium Green’s function is for the conduction
current. In the presence of ac bias, the displacement current
due to the charge accumulation plays an important role and
has to be considered. For this purpose, Bu¨ttiker et al.17 de-
rived a general theory of the ac conductance for a multiprobe
and multichannel conductor. The theory was formulated us-
ing the scattering matrix. In this paper, we numerically cal-
culate the ac conductance of InAs/GaSb/InAs and InAs/
AlSb/GaSb/AlSb/InAs structures using Buttiker’s theory. A
unique feature of the interband structure we considered is
that it has an energy window of DE50.15 eV within which
the transmission coefficient is nonzero. Because of this, we
found that when the frequency of the external bias is com-
parable to the energy window, the real part of the dynamical
conductance exhibit a series of plateaus. The number and
width of the plateaus are equal to the number and level spac-
ing of the resonant states in the interband structure, respec-
tively. When the frequency is smaller than the energy win-
dow an extra plateau can appear, with the position depending
on the frequency. At a frequency much smaller than DE , the©2004 The American Physical Society08-1
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scribed by the emittance.18 As the frequency is increased,
both the inductivelike behavior observed on the resonance
and the capacitivelike behavior observed off the resonance
are enhanced. The paper is organized as follows. In Sec. II,
the theory for dynamical conductance and the numerical
method are outlined. In Sec. III, the results are presented and
discussed. The conclusion is given in Sec. IV.
II. THEORY
We start with the general expression for the ac conduc-
tance of a noninteracting system,17,19
Gab
c ~v!5
e2
h E dE Tr@1adab2sab1 ~E !sab~E1\v!#
3
f ~E !2 f ~E1\v!
\v
, ~1!
where sab is the scattering matrix and f (E) is the Fermi
energy. At zero temperature, f (E) is a step function and
f (E)5u(E2EF). For a two probe system, we have ~setting
e2/h51 and \51)
Gab
c ~v!5
1
vEEm
EF
dE@dab2sab* ~E !sab~E1v!# , ~2!
with its real part and imaginary parts as
Re@Gab
c ~v!#5
1
vEEm
EF
$dab2Re@sab* ~E !#Re@sab~E1v!#
1Im@sab* ~E !#Im@sab~E1v!#%dE , ~3!
Im@Gab
c ~v!#5
21
v EEm
EF
$Im@sab* ~E !#Re@sab~E1v!#
1Re@sab* ~E !#Im@sab~E1v!#%dE , ~4!
where Em5max$EF2v ,0% because no scattering state is al-
lowed for negative energy. As pointed out by Buttiker,17 G11
c
is the contribution from the conduction current. The dis-
placement current due to the charge accumulation has to be
taken into account in order to conserve the current. To do
that, one needs to include electron electron interaction at
least to the Hartree level, and solve the Poisson equation.20
In this paper, we will use a phenomenological current con-
serving theory17,21 which includes the effect of electron elec-
tron interaction by the partition of the displacement current.
The dynamical conductance of this theory is given by22
G¯ ab~v!5Gab
c ~v!2
(
g
Gag
c ~v!(
d
Gdb
c ~v!
(
gd
Ggd
c ~v!
. ~5!12530The dynamical conductance G5G¯ 11 is a complex quantity,
with its real part GR describing the dissipation and its imagi-
nary part GI characterizing the phase difference between the
current and the voltage. At small frequency, it is appropriate
to describe G¯ ab(v) using Buttiker’s formalism18 according
to which the dynamical conductance can be expanded as a
power series in frequency v , G¯ 11(v)5G¯ 11(0)2ivE11
1v2K111O(v3). Here E11 is the emittance18 which has
been studied extensively.23 The emittance describes the re-
sponse of the system to the external ac bias, and K11 de-
scribes the correction to the real part of the dynamical con-
ductance at small frequency. If E11 is positive, the system
responds like a capacitor. On the other hand, the system
shows an inductivelike behavior for a negative
emittance.24,25 Physically, the capacitivelike behavior means
that the current follows the voltage and the inductivelike
behavior means that the voltage follows the current.26
In this paper, we consider InAs/GaSb/InAs and InAs/
AlSb/GaSb/AlSb/InAs structures. Based on the work of Yang
and Xu,5 G-point and flat-band approximations will be taken.
Note that our system is an ideal model. The impurity scatter-
ing, emitter notch quantization, and band bending, as well as
band mixing, have not been considered. Hence in the experi-
ment, only qualitative features may be observed. The sche-
matic band diagrams of InAs/AlSb/GaSb and InAs/AlSb/
GaSb/AlSb/InAs are shown in Figs. 1 and 2.3–5 The band
edge energy and the effective mass of the GaSb, AlSb, and
InAs are taken as follows:5,27,28
FIG. 2. The schematic band diagram of the InAs/AlSb/GaSb/
AlSb/InAs structure.
FIG. 1. The schematic band diagram of the InAs/GaSb/InAs
structure.8-2
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Ec~eV! 0.83 1.97 0
Ev~eV! 0.15 20.25 20.36
m*/m0 0.05 0.146 0.027
For this two-band model, the Hamiltonian is given by5
H5S Ec1 \22m0 k2 \Pk
\Pk Ev2
\2
2m0
k2
D , ~6!
where P is a constant. In order to calculate the dynamical
conductance, we have to obtain the scattering matrix first.
For the InAs/GaSb/InAs structure, the scattering matrix can
be solved exactly,
s115
bk1
2 1bk28
2
F ~e
2k28L21 ! ~7!
and
s215
4ibk1bk28
F e
k28L, ~8!
where
F5~211e2k28L!~bk1
2 2bk28
2
!12i~11e2k28L!bk1bk28, ~9!
and (k1 , bk1) and (ik28 , ibk28) are the (k , bk) values of the
InAs and GaSb layers, respectively. Here L is the thickness
of the GaSb layer, and
bk5\Pk/~E2Ev!, ~10!
k5@~E2Ec!~E2Ev!#1/2/~\P !. ~11!
We can calculate the value of P by using the following equa-
tion:
m*5@m0
2112P2/~Ec2Ev!#21. ~12!
When L is large, ek28L@1, the term e2k28L dominant, and so,
s11.
bk1
2 2bk28
2
bk1
2 1bk28
2 2
2ibk1bk28
bk1
2 1bk28
2 , ~13!
which shows that when L is large the s11 is approximately
independent of L.
For the InAs/AlSb/GaSb/AlSb/InAs structures, the scat-
tering matrix can be easily calculated numerically. In this
paper, we use the one-dimensional transfer matrix method4
which is suitable for the two-band kp model. The solution
of the two-band Schro¨dinger equation is29
FCc
Cv
G5F A exp~ ikz !1B exp~2ikz !bk@A exp~ ikz !2B exp~2ikz !#G , ~14!
12530where A and B are coefficients of each layer. By matching
wave functions at the boundary of interface and multiplying
the transfer matrix of all interfaces, we obtain a 232 transfer
matrix M with a matrix element mi , j ,
FA1B1G5M FAnBnG , ~15!
where A1 , B1 and An , Bn are the coefficients of the first and
last layers, respectively. Then, the scattering matrix is de-
fined as
F B1Anexp~ ikL !G5SF A1Bnexp~2ikL !G , ~16!
from which we obtain
S5S m21 /m11 ~m222m12m21 /m11!exp~ ikL !
exp~ ikL !/m11 2m12exp~2ikL !/m11
D ,
~17!
where L5D12d , D is the thickness of the GaSb layer, and
d is the thickness of the AlSb layer. Equations ~3!, ~4!, and
~17! allow us to obtain the dynamical conductance numeri-
cally.
III. NUMERICAL RESULTS AND DISCUSSION
The numerical results of G¯ 11 versus the Fermi energy EF
at different frequencies v and different thicknesses of layers
are calculated using Eqs. ~3! and ~4!. In all of the plots the
unit of conductance is measured in e2/h and the frequency is
measured in eV.
Figure 3 shows the real and imaginary parts of G¯ 11 versus
EF at small frequencies with D5300 Å and d50. For D
5300 Å and d50, four resonant states are found in the
energy window ranging from Ec of InAs to Ec10.15 eV.
Different from the normal case ~the one-band model! where
the higher resonant level has a broader peak, for the inter-
band model ~two-band model! studied here the situation is
reversed. When the frequency is turned on with v
50.001 eV, the conductance at different energies are mixed.
As a result, the resonance is suppressed. This suppression of
the resonant peak is most significant for the sharpest peak at
higher energy. As one increases the frequency to v50.005 or
0.01 eV, the peak value of the resonance drops drastically
and a double-peak structure shows up. This behavior can be
understood as follows. Near a resonant peak, the scattering
matrix can be described by the Breit-Wigner formula. For a
symmetric system, we have
sab5dab2i
G/2
DE1iG/2 , ~18!
where DE5E2Er , Er is the resonant level, and G/2 de-
scribes the lift time of the resonant level which also charac-
terizes the half-width of the resonant peak. If the scattering
matrix can be approximated by its Breit-Wigner form, the
dynamical conductance can be obtained exactly,24,218-3
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c #5
G
8pv H arctanFDE1vG/2 G2arctanFDE2vG/2 G J
~19!
and
Im@G11
c #5
G
16pv ln$@~DE1v!
21~G/2!2#@~DE2v!2
1~G/2!2#@~DE !21~G/2!2#22%. ~20!
For small v and near a resonance, the emittance and the
quantity K11 has been obtained from the Breit-Wigner for-
mulas @Eqs. ~19! and ~20!# ~Refs. 26 and 30!
E1152
G
8p
G2/22D2
D4
~21!
and
K115
p2
G
@~E2Er!22G2/12#S dNdE D
3
, ~22!
where the density of states ~DOS! dN/dE is defined as
FIG. 3. Dynamical conductance vs Fermi energy EF at small
frequencies. ~a! Real part: Re(G¯ 11). ~b! Imaginary part: Im(G¯ 11).
Here D5300 Å and d50.12530dN
dE 5
1
2p
G
D2
, ~23!
with D25(E2Er)21G2/4. Following observations are in
order. First, at the resonance, E11;(v/G) and K11
;(v/G)2. Second, we see that at the resonance the emit-
tance is positive and becomes negative when uE2Eru
.G/2. Furthermore, near the resonance GR(v),GR(0) be-
cause K11,0. However, when uE2Eru.G/2A3, K11 be-
comes positive. Thus on the resonance, the real part of the
dynamical conductance Re@G¯ 11# is always smaller than the
corresponding dc conductance. Since the DOS dN/dE
;G21 at the resonance, we find K11;2G22. Thus, a larger
reduction of Re(G¯ 11) for a sharper peak ~with a smaller G)
as is the case for the fourth peak in Fig. 3~a!. Equation ~22!
also shows a double-peak structure with two maxima at E
5Er6G/2 which agrees what was shown in Fig. 3~a!. We
now examine the imaginary part of the dynamical conduc-
tance Im@G¯ 11# @Fig. 3~b!#. Generally speaking, the inductive-
like behavior on the resonance and the capacitivelike behav-
ior off the resonance are enhanced. Specifically, at a small
frequency v50.001 eV, we see a typical behavior of the
emittance of resonant peaks governed by Eq. ~21!. According
to Eq. ~21!, the smaller half-width G gives rise to a larger
peak value for the emittance. When the frequency is in-
creased to v50.005 eV, the peak value of Im@G¯ 11# for the
first three resonant peaks increases according to Eq. ~21! due
to their relatively large G compared with v50.005 eV. The
behaviors of Re@G¯ 11# and Im@G¯ 11# at small v can also be
understood qualitatively from a classical circuit model.30
Due to both inductivelike and capacitivelike responses, our
system can be considered as an inductor in series with a
parallel connection of a capacitor and a resistor. For this
classical circuit the dynamic conductance can be written30 in
the following form up to the second order in frequency v:
G~v!5
1
R 2ivFC2 LR2G1v2 LR F2C2 LR2G . ~24!
The linear term in v , which corresponds to the nondissipa-
tive part of the dynamic conductance Im@G¯ 11# , exhibits a
competition between two different dynamic responses. If C
.L/R2, the response is capacitivelike with a negative
Im@G¯ 11# , and uIm@G¯ 11#u increases linearly with v at small
frequencies, which is consistent with our calculation. A simi-
lar argument for Im@G¯ 11# applies to the inductivelike region
when C,L/R2. The transition from capacitivelike to induc-
tivelike behavior occurs when C5L/R2, when Im@G¯ 11# van-
ishes to the second order in v . On the other hand, the dissi-
pative component Re@G¯ 11# , near the resonant point, can
increase or decrease with v2 depending on the sign of the
second-order term in Eq. ~24!. According to this picture
Re@G¯ 11# decreases when C,L/(2R2) and increases other-
wise, which is consistent with Fig. 3~a!. Note, however, that
when the frequency is so large that v3 or higher order terms
cannot be neglected, Eq. ~24! breaks down.8-4
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terms in the expansion of the dynamical conductance have to
be considered. Thus, the peak value of Im@G¯ 11# saturate for
the first and second resonant peaks and decreases for the
third peak. Since the half-width of the fourth resonant peak is
smaller than v50.005 eV, Im@G¯ 11# decreases quickly as the
frequency is increased according to Eq. ~20!. When the fre-
quency is further increased by one order of magnitude to v
50.13 and 0.3 eV, which are comparable to the transmission
window (DE50.15 eV) of the interband structure, we see
plateaulike structures for the real part of dynamical conduc-
tance @Fig. 4~a!#. This plateaulike structure and the resonant
peak structure in Fig. 3~a! ~solid line! are well correlated
with resonant peak positions located at the start of each pla-
teau. The physics behind it can be explained as follows.
From Eq. ~3!, we see that Re(G11c ) consists of three terms.
The steplike plateaus come from the first two terms in Eq.
~3!. When v;0.15 eV the integration ranges in Eqs. ~3! and
~4! start from zero. This is because the transmission energy
window is 0.15 eV, i.e., the range of EF is 0.15 eV. There is
no transmissive state when E,0. When E is between 0.15
and 0.83 eV, the transmission coefficient is almost zero due
FIG. 4. Dynamical conductance vs Fermi energy EF at large
frequencies. ~a! Real part: Re(G¯ 11). ~b! Imaginary part: Im(G¯ 11).
Here D5300 Å and d50.12530to the large barrier of GaSb. When v50.15 eV, s11(E1v)
is roughly a slow varying function of E whereas Re@s11(E)#
has a resonant feature with peaks at resonant levels.31 So the
second term of Eq. ~3! has a similar behavior of Re@s11(E)# .
As a result, the integrand of Eq. ~3! exhibits peaks at reso-
nant levels very similar to the transmission coefficient ~see
the solid line in Fig. 5!. After integration from E50 to E
5EF , the conductance jumps whenever EF hits a resonant
peak giving rise to the plateaulike structure. The third term
of Eq. ~3! is much small but not negligible and it rounds off
the sharp plateaus. For v50.3 eV we see a similar behavior,
but the plateau is not as flat. For v50.13 eV, we see an
additional plateau. This can also be understood within the
picture discussed above. When v50.13 eV, Re@s11(E
1v)# is a slowly varying function of E when E.0.02 eV.
However, when E,0.02 eV, Re@s11(E1v)# contains the
resonant feature of the fourth peak in the transmission coef-
ficient at E;0.01 eV. The product of Re@s11(E1v)# and
Re@s11(E)# gives rise an extra peak at E50.01 eV in addi-
tion to the case of v50.15 eV ~see the dashed line in Fig. 5!.
This extra peak in turn gives rise to the extra plateau in Fig.
4~a! ~solid line!. Moreover, when v,0.1, the curve is rather
complicated and irregular. For the imaginary part of the con-
ductance, we see a spikelike behavior which can also be
interpreted using the above picture. Now we discuss the in-
fluence of the thickness of the barriers inserted in the struc-
ture ~Fig. 6!. As barriers are put in, this further confinement
pushes the resonant states up.32 As a result, we see that the
positions of the plateaus are shifted to the right. Moreover,
the height of the plateaus are lower and flatter than before.
Note that there is an extra plateau when the barriers are in-
serted. This is because one more resonant state emerges
within the energy window. Similarly, the spikes of the imagi-
nary part of the dynamical conductance also move to the
high energy end with the appearance of an additional spike.
Finally, in Fig. 7 we doubled the width of the GaSb layer D.
Approximately, the number of resonant states are also
doubled, and so are the number of plateaus ~spikes! in the
real ~imaginary! part of the dynamical conductance.
FIG. 5. The integrand of Eq. ~3! vs energy E at different fre-
quencies. Here D5300 Å and d50.8-5
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Using current conserving and gauge invariant ac transport
theory, numerical solutions of the dynamical conductance
G¯ 11 are obtained for InAs/GaSb/InAs and InAs/AlSb/GaSb/
AlSb/InAs structures. In these structures, there exists an en-
ergy window DE50.15 eV such that the transmission coef-
ficient is zero when the Fermi energy is outside of the
window. When the frequency of the external bias is smaller
than the lifetime of the resonant state, the response of the
system is well described by the emittance. Generally speak-
ing, the inductivelike ~capacitive-like! behavior when the
system on ~off! the resonance is enhanced as the frequency is
increased. When the frequency is comparable to the energy
window DE , the real part of the dynamical conductance ex-
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